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Life; Controlled Disequilibrium 



^ Dynamic equilibrium involves 
S*Vo opposing processes occurring 
$t the same rate. This image draws 
?h analogy between a chemical 
equilibrium (N 2 0 4 2 NOJ in 
*Hlch the two opposing reactions 

■ccur at the same rate and a free- 
way with traffic moving in oppos- 

•9 directions at the same rate. 



Have you ever tried to define life? If yon have, you know that defining life is 
difficult. How are Jiving things different from nonliving things? You may try 
to define living things as those things that can move. But of course many liv- 
ing things do not move — many plants, for example, do not move very much — 
and some nonliving things, such as glaciers and Earth itself, do move. So 
motion is neither unique to nor definitive of life. You may try to define living 
things as those things that can reproduce. But again, many living things, such 
as mules or sterile humans, cannot reproduce; yet they are alive. In addition, 
some nonliving things — such as crystals, for example — reproduce (in some 
sense). So what is unique about living things? 

One definition of life uses the concept of equilibrium. We will define 
chemical equilibrium more carefully soon. For now, we can think more gener- 
ally of equilibrium as sameness and cottstancy. When an object is in equilibri- 
um with its surroundings, some property of the object has reached sameness 
with the surroundings and is no longer changing. For example, a cup of hot 
water is not in equilibrium with ite surroundings with respect to tempera- 
ture. If left undisturbed, the cup of hot water will slowly cool until it reaches 
equilibrium with its surroundings. At that point, the temperature of the 
water is the same as that of the surroundings (sameness) and no longer changes 
(constancy). 
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So equilibrium involves sameness and constancy. Part of a definition! 
living things, then, is that li ving things are not in equilibrium with iheirjL 
roundings. Our body tempera rure, for example, is not the same as the ten 
perature of our surroundings. When we jump into a swimming pool, l 
pH of our blood does not become the same as the pH of the surround^ 
water Living things, even the simplest ones, maintain some measure \ 
disequilibrium widi their environment. 

We must add one more concept, however, to complete our definition^ 
life with respect to equilibrium. Our cup of hot water is in diseqinlibritll! 
with its environment, yet it is not alive. However, the cup of hot water hasM 
control over its disequilibrium and will slowly come to equilibrium witnl|§ 
environment In contrast, living things^as long as they are alive — maintaM 
and control their disequilibrium. Your body temperature, for example, is iSl 
only in disequilibrium with your surroundings — it is in controlled diseqti§T 
librium. Your body maintains your temperature within a specific range thJffl 
is not in equilibrium with the surrounding temperature. 

So one definition for life is that living things are in controlled disequilibriuM 
with their environment. A living thing comes into equilibrium with its surij 
roundings only after it dies. In this chapter, we will examine the concept ol 
equilibrium, especially chemical equilibrium— the state that involves samej|j 
ness and constancy. 



Mi 
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The Rate of a Chemical Reaction 



Reaction rates are related to chemical 
equilibrium because, as we will see in 
Section 15.3, a chemical system is at 
equilibrium when the rate of the for- 
ward reaction equals the rate of the re- 
verse reaction. 



A reaction rate can also be defined as 
the amount of a product that forms in a 
given period of time. 



Before we probe more deeply into the concept of chemical equilibrium, we| 
must first understand something about the rates of chemical reactions. The rate! 
of a chemical reaction is the amount of reactant that changes to product in a| 
given period of rime. A reaction with a fast rate proceeds quickly, with a largej| 
amount of reactant being converted to product in a certain period of time '3j 
(^Figure 15.1a). A reaction with a slow rate proceeds slowly, with only a small J 
amount of reactant being converted to product in the same period of time. 
(Figure 15. lb). 

Chemists seek to control reaction rates for many chemical reactions. Fori 
example, the space shuttle is propelled by the reaction of hydrogen and oxy- 
gen to form water. If the reaction proceeds too slowly, the shuttle will not liftj 
off the ground. If, however, the reaction proceeds too quickly, the shuttle carij 
explode. Reaction rates can be controlled if we understand the factors that : 
influence them. 



! 

1 

i 



Whether a collision leads to a reaction 
also depends on the orient3tion of the 
colliding molecules, but this topic is be- 
yond our current scope. 



*J Collision Theory 

According to collision theory, chemical reactions occur through collisions be- 
tween molecules or atoms. For example, consider the following gas phase 
chemical reaction between H 2 {g) and I 2 (v) to form HI(g). 



H 2 (S) + h(g) 



2HI(£) 



The reaction begins when an H 2 molecule collides with an I 2 molecule. If the 
collision occurs with enough energy — that is, if the colliding molecules are 
moving fast enough — the product molecules (HI) form. If the collision oc- 
curs .without enough energy, the reactant molecules (H 2 and I 2 ) simply 
bounce off of one another. Since gas-phase molecules have a wide distribu- . 
tion of velocities, collisions occur with a wide distribution of energies. The 
high-energy collisions lead to products and the low-energy collisions do not. ? 

The reason that higher-energy collisions are more likely to lead to* 
products is related to a concept called the activation energy of a reaction. 
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Kjfigurfc 15-1 Reaction rates 

jpia reaction wlih a fast rate, the 
■^Itants react to form products in a 
W^ pcriod or time, (b) In a reaction 

Ifjh-a s * 0 ^ ^te' lhe.reacla'nts -react 
jStorm products over a long period 
flftime. 



A reaction with a fast rate 



A + B ► 


c 
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A reaction with a slow rate 
x + y ► z 




Timer 




Timer 



1 




The activation energy for chemical reactions is discussed in more detail in 
Section 15.12. For now, we can think of the activation energy as a barrier 
that must be overcome for the reaction to proceed. For example, in the case 
of H 2 reacting with I 2 to form HI, the product (HI) can begin to form only 
after the H-H bond and the I~l bond each begin to break. The activation 
energy is the energy required to begin to break these bonds. 

If molecules react via high-energy collisions, what factors influence the 
rate of a reaction? What factors affect the number of high-energy collisions 
that occur per unit time? There are two important factors: the concentration of 
the reacting molecules and the temperature of the reaction mixture. 
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*J How Concentration Affects the Rate 
of a Reaction 

▼ Figures 15.2a through c show various mixtures of and U ai Uiesanf 
temperature but different concentrations, if H 2 and 1 2 react via Collisions:^ 
form HI, which mixture do you think will have the highest reaction rate? Sin^ 
Figure 15.2c has the highesbconcentration of Hnj ; and 12, it will have the mo^ll 
collisions per unit time and therefore the fastest reaction rati!. This idea ho!dM| 
true for most chemical reactions. 



The rate of a chemical reaction generally increases with increasing con- 
centration of the reactants. 

The exact relationship between increases in concentration and increases V 
in reaction rate varies for different reactions and is beyond our current scope. 



+ 0 > d 

H 2 (j) + I 2 (g) 2HHg) 




Low initial 
concentration 



Slow initial 
rate 





High initial 
concentration 



Fast Initial 
rate 



i 
1 



A Figure 15.2 Effect of concentration on reaction rate Question: WrV: w- 
U».Mi ir,i\tux» i a i" Ki\o ilv iniii.i! r.r«0 'J !«• nuvtiirt: m u : is fnMo>: lx\. v .u-** 

h.is tKvlvVVc-: c«:Vi;:Vr.jUm uf r. .vinnS^n*! lU"vfr:o !lv tv£K»>! r.vj. o: col «.%'.ostf 
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For our purposes, it will suffice to know that for most reactions the reaction 
rate increases with increasing reactant concentratioxv 

Knowing this, what can we say about the rate of a reaction as the reaction 
proceeds? Since reactants rum to products in the course of a reaction, their con- 
centration decreases. Consequently, the reaction rate decreases as well. In other 
words, as a reaction proceeds, there are fewer reactant molecules (because they 
have turned into products), and the reaction slow T s down. 



H How Temperature Affects the Rate 
of a Reaction 

Reaction rates also depend on temperature. ▼ Figures 15.3a through c show 
various mixtures of H 2 and I 2 at the same concentration, but different tem- 
peratures. Which will have the fastest rate? Raising the temperature makes 



H 2 fc) + hiS) 2Mfr) 




Low temperature r " ' ^ > Slow rate 





High temperature 



Fast rate 



A. Figure 15.3 Effect of temperature on reaction rate Question >v hi-, o v 



k\ , • hi 



hl_;l 
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the molecules move faster (Section 3.9). They therefore experience iti^ 
collisions per unit time, resulting in a faster reaction rate. In addition^ 
higher temperature results in more collisions that are (on average) oi hip 
er energy. Since it is the high-energy collisions that result in products, tfij 
also produces a faster rate. Consequently, Figure 153c (which has the hig| 
est temperature) has the fastest reaction rate. This relationship holds j 
for most chemical reactions. 

The rate of a chemical reaction generally increases with increasing 
temperature of the reaction mixture. 

The temperature dependence of reaction rates is the reason that cold-blood^ 
ed animals become more sluggish at lower temperatures- The reactions rel 
quired for them to think and move simply become slower, resulting in t 
sluggish behavior. 



To summarize: 

• Reaction rates generally increase with increasing reactant concentration. 

• Reaction rates generally Increase with Increasing temperature. 

• Reaction rates generally decrease as a reaction proceeds. 



CONCEPTUAL CHECKPOINT 15.1 



In a chemical reaction between two gases, you would expect that in- 
creasing the pressure would probably f| 

(a) increase the reaction rate 

(b) decrease the reaction rate 

(c) not affect the reaction rate 




The Idea of Dynamic Chemical Equilibrium 



i 



What would happen if our reaction between H 2 and f 2 to form MI were able 
to proceed in both the forward and reverse directions? .jL-'J 

H 2 (g) + hig) — 2HT(£) 
Now, H 2 and I 2 can collide and react to form 2 HI molecules, but the 2 Hi^ 
molecules can also collide and react to reform H 2 and I 2 . A reaction that can|§ 
proceed in both the forward and reverse directions is said to be a reversible; 
reaction. /J 
Suppose we begin with only H 2 and I 2 in a container (> Figure .15.4^ 
What happens initially? H 2 and f 2 begin to react to form HI (Figure 15.4b), 
However, as H 2 and I 2 react their concentration decreases, which in turn d£$| 
creases the rate of the forward reaction. At the same time, HI begins to form* 
As the concentration of HI increases, the reverse reaction begins to occur at 
an increasingly faster rate because there are more HI collisions. Eventually 
the rate of the reverse reaction (which is increasing) equals the rate of the for- 
ward reaction (which is decreasing). At that point, dynamic equilibrium is 
reached (Figures 15.4c and 15.4d). 



If 



Dynamic equilibrium— In a chemical reaction, the condition in which 
the rate of the forward reaction equals the rate of the reverse reaction. 

This condition is not static — it is dynamic because the forward and re^ 
verse reactions are still occurring, but at a constant rate. When dynamics 
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A reversible reaction 

- • + a* — 

H 2 fc) + hig) 2HI(g) 



Equilibrium 




<c) 



Timer 




Timer 



a Figure 1 5.4 Equilibrium When the concentrations of the reactants and prod- 
ucts no longer change, equilibrium has been reached. 



5 



equilibrium is reached, the concentrations of H2, ^2, and HI no longer 
change. They remain the same because the reactants and products are being 
depleted at the same rate at which they are being formed. 

Notice that dynamic equilibrium includes the concepts of sameness and 
constancy that we discussed in Section 15.1. When dynamic equilibrium is 
reached, the forward reaction rate is the same as the reverse reaction rate 
(sameness). Because the reaction rates are the same, the concentrations of the 
reactants and products no longer change (constancy). However, just because 
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the concentrations of reactants and products no longer change at equilib^ffl 
urn does not imply that the concentrations of reactants and products an? L ^If 
to one another at equilibrium. Some reactions reach equilibrium onjy 
most of the reacrams have formed products. (Recall strong acids 
Chapter 14.) Others reach equilibrium when only a small fraction of the ^ 
actants have formed products. (Recall weak acids from Chapter .14.) | l tf ^ 
pends on the reaction. " 

We can better understand dynamic equilibrium with a simple analog * 
Imagine that Narnia and Middle Earth are two neighboring kingdol^^ 
(TFigtue 155). Namia is dverpppulated.and Mid die Earth is undeipopuj^f ^ 
One day, however the border between the two kingdoms operand -p^M 
immediately begin to leave Narnia for Middle Eirm (call this foe forwM 
reaction). 

Narnia > Middle Earth (forward reaction) 

The population of Narnia goes down as the population of Middle Earth goes " 
up, As people leave Narnia, however, the rate at which they leave begins to 
slow down (because Narnia becomes less crowded). On the other hand, as 



i 



^Mi^fleEarth 




****** 



Initial 



jf Represents population 



Narnfo 



Middle Earth 



I 




Equilibrium 



A Figure 1 5.5 Population analogy for a chemical reaction proceeding to 
equilibrium 
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people move into Middle Earth, some decide it was not for them and begin 
to move back (call this the reverse reaction). 

Narnia < Middle Earth (reverse reaction) 

As Middle Earth fills, the rate of people moving back to Narnia gets 
faster. Eventually the rate of people moving out of Narnia (which has been 
slowing down as people leave) equals the rate of people moving back to 
Narnia (which has been increasing as Middle Earth gets more crowded). Dy- 
namic equilibrium has been reached. 

Narnia Middle Earth 

Notice that when the two kingdoms reach dynamic equilibrium, their 
populations no longer change because the number of people moving out 
equals the number of people moving in. However, one kingdonv-because of 
its charm, the character of its leader, the availability of better jobs, a lower tax 
rate, or whatever other reason — may have a higher population than the 
other kingdom, even when dynamic equilibrium is reached. 

Similarly, when a chemical reaction reaches dynamic equilibrium, the 
rate of the forward reaction (analogous to people moving out of Narnia) 
equals the rate of the reverse reaction (analogous to people moving back into 
Narnia), and the relative concentrations of reactants and products (analo- 
gous to the relative populations of the two kingdoms) become constant. 
Also, like our two kingdoms, the concentrations of reactants and products 
will not necessarily be equal at equilibrium, just as the populations of the 
two kingdoms are not equal at equilibrium. 



The Equilibrium Constant: A Measure of How Far 
a Reaction Goes 



We have just learned that the concentrations of reactants and products are not 
equal at equilibrium— it is the rates of the forward and reverse reactions that 
are equal. But what about the concentrations? What can we know about them? 
The equilibrium constant (K^) is a way to quantify the concentrations of the 
reactants and products at equilibrium. Consider the following generic chem- 
ical reaction 

aA + bB cC + dD 

where A and B are reactants, C and D are products, and a, b, c, and d are the 
respective stoichiometric coefficients in the chemical equation. The 
equilibrium constant (K^ q ) for the reaction is defined as the ratio — at equi- 
librium — of the concentrations of the products raised to their stoichiometric 
coefficients divided by the concentrations of the reactants raised to their sto- 
ichiometric coefficients. 

f Products 

_ [error* 

" [AHBl 6 

V Reactants 



The equilibrium constant quantifies the relative concentrations of reactants 
and products at equilibrium. 
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*J Writing Equilibrium Expressions 
for Chemical Reactions 

To write an equilibrium expression for a chemical reaction, simply examine fjl 
chemical equation and follow the preceding definition. For example, suppo|S 
we want to write an equilibrium expression for the following reaction. 

2N 2 0 5 (£) ^ 4N0 2 (y) + Q 2 (g) 

The equilibrium constant is [N0 2 ] raised to the fourth power multiplied M 
[0 2 ] raised to the first power divided by [N 2 O s ] raised to the second power, f 

INQ 2 ]*[Q 2 ] 
~ [N 2 0 5 l 2 

Notice that the coefficients in the chemical equation become the exponents ml 
the equilibrium expression. 

it = t N0 ^fQ.l 
1 fNpsll 



J 



Write an equilibrium expression for the following chemical equation. 
CO(£)-f 2H 2 <^^CH 3 OH(g) 



The equilibrium expression is the 
concentrations of the products 
raised to their stoichiometric coeffi- 
cients divided by the concentra- 
tions of the reactants raised to their 
stoichiometric coefficients. Notice 
that the expression is a ratio of 
products over reactants. Notice also 
that the coefficients in the chemicak 
equation are the exponents in the 
equilibrium expression. 
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Solution: 



- Product 



_ [ch 3 oh) 

eq [CO][H 2 ] 2 



V 



Reactanrs 



Writing Equilibrium Expressions for Chemical Reactions 

Write an equilibrium expression for the following chemical equation. 
H 2 (£) + F 2 (g) ^±2HF(£) 



vj The Significance of the Equilibrium Constant 

Given this definition of an equilibrium constant, what does it mean? What, for 
example, does a large equilibrium constant {K^ » 1) imply about a reac- 
tion? It means that the forward reaction is largely favored and that there will 
be more products than reactants when equilibrium is reached. For example, 
consider the following reaction. 



H 2 (g) + Br 2 (s)^2HBr<g) 



Ke q = 1.9 X 10 19 at25°C 
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Jpfgure 15.6 The meaning of a 
jjge -equilibrium constant A large 
S^jtbriiim constant means ihat 
Mjfc Will be a high concentration of 
fe§duc ts and-a low concentration of 
grants at equilibrium. 



merits ir| 



I 



/hat, for 
: a reac- 
tere will 
xample, 



The symbol - means "approximately 
equal to." 



> Figure 15.7 The meaning of a 
H small equilibrium constant A 

small equilibrium constant means 
that there will be a high concentra- 
tion of reactants and a low concentra- 
tion of products at equilibrium. 



H 2 (g) + Br 2 (g) — 2 HBt(#) 

Q F s 





01 





























[HBr] 2 

^ pn = ; = Large Number 



[H 2 ][Br 2 ] 



The equilibrium constant is large, meaning that at equilibrium the reaction 
lies far to the right — high concentrations of products, tiny concentrations of 
reactants (A Figure 15.6). 

Conversely, what does a small equilibrium constant (X^ « 1) mean? It 
means that the reverse reaction is favored and that there will be more reac- 
tants than products when equilibrium is reached. For example, consider the 
following reaction. 

N 2 (g) + 0 2 (g) 2 NO(g) = 4.1 X 10" 31 at 25 °C 

The equilibrium constant is very small, meaning that at equilibrium the reac- 
tion lies far to the left— high concentrations of reactants, low concentrations 
of products (▼ Figure 15.7). This is fortunate because N 2 and 0 2 are the main 
components of air. If this equilibrium constant were large, much of the N 2 
and 0 2 in air would react to form NO, a toxic gas. 

To summarize: 

• *eq « 1 Reverse reaction is favored; forward reaction does not proceed very 
far. 

• Keq « 1 Neither direction is favored; forward reaction proceeds about 
halfway. 

• K cq » 1 Forward reaction is favored; forward reaction proceeds virtually to 
completion. 



N 2 (S) + ^(g) — 2NO(£) 




[NO] 2 
[NJIOJ 



= Small Number 
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Heterogeneous Equilibria: The Equilibrium 
Expression for Reactions involving a Solid 
or a Liquid 

Consider the following chemical reaction. 

2CO(^)^C0 2 (s) + C(s) 

We might expect the expression for the equilibrium constant to be: 

[COdIC] 
[CO] 2 




(incornvt) 



The concentrations of pure solids and 
pure liquids are excluded from equilib- 
rium expressions because they are con- 
stant. Consequently, they simply 
become incorporated into the value of 
the equilibrium constant. 



i 



However, since carbon is a solid, its concentration is constant— il does nil 
ehange Adding more or less, carbon to the reaction mixture does not a chan«| 
the concentration of carbon. The concentration of solids does not change^ 111 
cau$e .solids do not expand to nil their container. Their concentration, theW V 
fore* depends only on their density, which is constant as long' as same se>/&.g| 
present. Consequently, pure solids — those reactants or products labeled in a > 
the chemical equation with an (s) — are not included in the equilibrium ex-' -jj 
pression. The correct equilibrium expression is therefore: 



[CO] 2 



(correct) 



Similarly; the concentration of a pure liquid does not change. Conse- 
quently, pure liquids — those reactants or products labeled in the chemical 
equation with an (/) — are also excluded from the equilibrium expression. For 
example, what is the equilibrium expression for the following reaction? 

C0 2 (g) + H 2 0(/) = H+(aq) + HCOffof) 

Since H 2 Q(l) is pure liquid, it is omitted from the equilibrium expression. 

[Hl[HC0 3 -] 



[co 2 ] 




Write an equilibrium expression for the following chemical equation. 
CaC0 3 (s) 5=± CaO(s) + C0 2 (g) 

Solution: 

Since CaC0 3 (s) and CaO(s) are both solids, they are omitted from the equi- 
librium expression. 

*«1 = [COJ 
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Writing Equilibrium Expressions for Reactions 
Involving a Solid or a Liquid 

Write an equilibrium expression for the following chemical equation. 

4HCIfc) + Q 2 (g) ^ 2H 2 O(0 + 2Cl 2 (y) 
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Calculating and Using 
Equilibrium Constants 



_J Equilibrium constants depend on tern- 
|£*perature, so temperatures will often be 

i included with equilibrium data. 

^However, the temperature is not a part 
of the equilibrium expression. 



y> Calculating Equilibrium Constants 

The most direct way to get a value for the equilibrium constant of a reaction 
is to measure the concentrations of the reactanrs and products in a reaction 
mixture at equilibrium. For example, consider the following reaction. 

H 2 fr) + h(g) 2H%) 

Suppose a mixture of H 2 and l 2 is allowed to come to equilibrium at 445 °C The 
measured equilibrium concentrations are [H 2 ] = 0.11 M, [I 2 ] - 0.11 M, and 
[HI] = 0.78 M. What is the value of the equilibrium constant? We begin by set- 
ting up the problem in the normal way. 



Given: 



[H 2 1 = 0.11 M 

py = o.n m 

(HI] = 0.78 M 



Find; K t 



The concentrations in an equilibrium 
expression should always be in units of 
molarity (M) r but the units themselves 
are normally dropped. 



A reaction can approach equilibrium 
from either direction, depending on the 
initial concentrations, but its at a 
9'ven temperature will always be the 
same. 



Solution: The expression for K eq can be written from the balanced equation. 
[HI] 2 



[H 2 ][I 2 ] 



To calculate the value of K^, simply substitute the correct equilibrium con- 
centrations into the expression for K^ q , 

r tHU 2 
eq [H 2 ][I 2 ] 
[0.78] 2 



|0.H][0.11] 
- 5.0 x 10 ] 



The concentrations within K eq must always be written in moles per liter (M); 
however, the units axe normally dropped in expressing the equilibrium constant 
so that K eq is unifcless. 

The particular concentrations of reactants and products for a reaction 
at equilibrium will not always be the same for a given reaction — they will 
depend on the initial concentrations. However, the equilibrium constant will 
always be the same at a given temperature, regardless of the initial concen- 
trations. For example, Table 15.1 shows several different equilibrium con- 
centrations of H 2 ,I 2 , ana HI, each from a different set of initial 
concentrations. Notice that the equilibrium constant is always the same, re- 
gardless of the initial concentrations. In other words, no matter what the 
initial concentrations are, the reaction will always go in a direction so that 
the equilibrium concentrations — when substituted into the equilibrium 
expression — give the same constant, 
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TABLE 15.1 Initial and Equilibrium Concentrations for the Reaction 
H 2 <3) + l 2 te>^=2HI(g) 



1.0 



Initial 



[H 2 ] [I 2 ] 



0.0 



Equilibrium 



[HI] 




M 


[HI] 


0.0 


0.11 


on 


0.7S 


0i50 


0.055 


0.055 


0.39 


G\50 


0.165 


0.165 


1.17 


0.0 


0.53 


0.033 


0.934 



Equilibrium Cons^} 



IH2IH2I I 

[0.78] 2 



[0.11][0.U] 
[0.39] 2 



[0.055)10.055] 

[1.17] 2 
[0.165][0.165] = 

[0.934] 2 
[0.53][0.033] ~ % M 



l 

%w 7 



■ 

TT". 



Consider the following reaction. 

2CH 4 &) ^ C 2 H 2 (£) + 3H 2 (g) 

A mixture of CH 4/ C 2 H 2 , and H 2 is allowed to come to equilibrium at 1700 °C The measured equilibrium concent, 
trations are [CH 4 ] - 0.0203 M, [C 2 H 2 1 = 0.0451 M, and [H 2 ] = 0.112 M. What is the value of the equilibrium con- ^ 
stant at this temperature? 

Begin by setting up the problem 
in the normal format. You are 
given the concentrations of the re- 
actants and products of a reaction 
at equilibrium. You are asked to 
find the equilibrium constant- 



Given: 




[CH 4 ] 


- 0.0203 M 


[C 2 H 2 ] 


« 0.0451 M 


IH 2 J 


= 0.112 M 


Find: JC e q 





Write the expression for K eCi from 
the balanced equation. To calcu- 
late the value of K^, simply sub- 
stitute the correct equilibrium 
concentrations into the expression 



Solution: 



[C 2 H 2 ][H 2 ] 3 
[CH4J 2 



forK 
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[0.0451][0.112] 3 
^ [0.0203I 2 
= 0.154 



Calculating Equilibrium Constants 

Consider the following reaction. 

CO(g) + 2H 2 (g) ^ CH 3 OH(g) 

A mixture of CO, H 2/ and CH3OH is allowed to come to equilibrium at 225 °C. The measured equilibrium concen- 
trations are [CO] = 0.489 M, [H 2 J = 0.146 M, and [CH 3 OH] = 0.151 M. What is the value of the equilibrium con- 
stant at this temperature? 



SKILLBUtLDER PLUS 



Suppose that the preceding reaction is carried out at a different temperature and that the initial concentrations of the 
reactants are [COJ = 0500 M and [HJ = LOO M. Assuming that there is no product at the beginning of the reaction, 
and that at equilibrium [CO] = 0.15 M, find the equilibrium constant at this new temperature. Hint: Use the stoi- 
chiometric relationships from the balanced equation to find the equilibrium concentrations of H 2 and CH 3 OH. 
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Using Equilibrium Constants 
in Calculations 

The equilibrium constant can also be used to calculate the equilibrium con- 
centration of one of the reactants or products, given the equilibrium concen- 
trations of the others. For example/ consider the following reaction. 

2 COiyg) ^ C0 2 (g) + CF 4 (g) Keq = 2.00 at 1000 °C 

In an equilibrium mixture, the concentration of COF* is 0.255 M and the con- 
centration of CF 4 is 0.118 M. What is the equilibrium concentration of CO2? 
Again, we set up the problem in the normal way. 

Given: [COFJ = 0.255 M 
[CF4] = 0.118 M 

Keq = 2.00 

Find: [C0 2 ] 



.IS 

wen- : K 
1 coo- ' ^fe 



Solution Map: 



icen- 



fthe 
lion, 
stot* 



I" 

,1- 



_ IGO2HGF4} 



In this problem, we are given and the concentrations of one reactant and 
one product. We are asked to find the concentration of the other product. We 
can calculate this by using the expression for 

Solution: We first write the equilibrium expression for the reaction, and 
then solve it for the quantity we are trying to find ([CO2]). 

[CQ 2 I[CF 4 ] 
[COFJ 2 

[C02] - ^Ictj" 

Now simply substitute the impropriate values and compute [C0 2 L 
[0.255] 2 

= 1.10 M 



Using Equilibrium Constants in Calculations 

Consider the following reaction. 

H 2 (?) + hig) = 2 HI(£) Kgq = 69 at 340 °C 

in an equilibrium mixture, the concentrations of H 2 and I 2 are both 0.020 M. What is the equilibrium concentration 
oFHl? 



You are given the equilibrium 
concentrations of the reactants in 
a chemical reaction and also given 
the value of the equilibrium con- 
stant You are asked to find tine 
concentration of the product. 



Given: 

[HJ = [IJ - 0.020 M 
*eq = 69 

Find: [HI] 
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Draw a solution map showing 
how the equilibrium constant ex- 
pression gives the relationship be- 
tween the given concentrations 
and the concentration you are 
asked to find. 

Solve the equilibrium expression 
for [HI] and then substitute in the 
appropriate values to compute it. 



Solution Map; 



HI 



_ [HI] 2 



[H 2 J[I 2 J 



Solution: 



[HI] 2 



^ [Hd[I 2 ] 
[HI] 2 = K eq[H 2 ]p 2 1 

(Hi] = VKeqtpyty 



= V69[0.020][0.020] 
= 0.17 M 



SK1L18UILDER 15.4 



Using Equilibrium Constants in Calculations 

Diatomic iodine (I 2 ) decomposes at high temperature to form I atoms according to the following reaction. 
h(g) 2 1(g) K,>q = 0.011 at 1200 °C 
* In an equilibrium mixture, the concentration of I 2 is 0.10 M What is the equilibrium concentration of I? 



CONCEPTUAL CHECKPOINT 15.2 



When the reaction A{aq) - — * B(aq) + C{aq) is at equilibrium, each of 
the three compounds has a concentration of 2 M. The equilibrium con- 
stant for this reaction is: 

(a) 4 i 

(b) 2 

(c) 1 

(d) 1/2 



15.7 



Disturbing a Reaction at Equilibrium: 
Le Chatelier's Principle 



Pronounced "le-sha-te-lyay.* 



We have seen that a chemical system not in equilibrium tends to go toward 
equilibrium and that the concentrations of the reactants and products at equi- 
librium correspond to the equilibrium constant, K^. What happens, howev- 
er, when a chemical system already at equilibrium is disturbed? Le Chatelier's 
principle states that the chemical system will respond to minimize the 
disturbance. 



Le Chatelier's principle— When a chemical system at equilibrium is 
disturbed, the system shifts in a direction that minimizes the disturbance. 

In other words, a system at equilibrium tries to maintain that equilibrium- 
it fights back when disturbed. 

We can understand Le Chatelier's principle by returning to our Narnia 
and Middle Earth analogy, Suppose the populations of Narnia and Middle 
Earth are at equilibrium. This means that the rate of people moving out of 
Narnia and into Middle Earth is equal to the rate of people moving into Nar- 
nia and out of Middle Earth, and the populations of the two kingdoms are 
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r figure 1 S.8 Population analogy 
fo f le Chateliefs principle When a 
ugtem at equilibrium is disturbed, it 
..jjyjtslo minimize the disturbance. In 
$3 case, adding population to Mid- 
die Eiirth (the.di.sturbtm.qe) causes 
population to move out of Middle 
Earth (mininuzing the disturbanc&i) 



Disturb 
equilibrium 





i*4 



Equilibrium 



Represents population 



Nam in 




^ddleEarth 



• System responds to 
minimize disturbance 

• Net population move 
out of Middle Earth 



stable. Now imagine disturbing that balance (A Figure 15.8). Suppose we 
add extra people to Middle Earth. What happens? Since Middle Earth sud- 
denly becomes more crowded, the rate of people leaving Middle Earth in- 
creases. The net flow of people is out of Middle Earth and into Namia. 
Notice what happened. We disturbed the equilibrium by adding more peo- 
ple to Middle Earth. The system responded by moving people out of Middle 
Earth— it shifted in the direction that minimized the disturbance. 

On the other hand, what happens if we add extra people to Namia? Since 
Narrua suddenly gets more crowded, the rate of people leaving; Namia goes 
up. The net flow of people is out of Namia and into Middle Earth. We added 
people to Namia and the system responded by moving people out of Namia. 
When systems at equilibrium an? disturbed, they react to counter the distur- 
bance. Chemical systems behave similarly. There ore several ways to disturb a 
system in a chemical equilibrium. We consider each of these separately 
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The Effect of a Concentration Change on Equiiibhu 



Consider the following reaction at chemical equilibrium. 

N 2 0 4 fe) ^=±2NQ 2 (g) 

Suppose we disturb the equilibrium by adding N0 2 to the equilibrium on- 
line (* Figure 15.9). In other words, wc increase the concentration of HQ 
What happens? According to LeGha teller's principle, the system shifts # 
direction to minimise the disturbance. The shift is caused by the incre^r 
concentration of N0 2 which in turn increases the rate of the reverse reaction 
because, as we covered in Section 15.2, reaction rates genera liy increase vfi$ 
increasing concentration. The reaction goes to the left (it proceeds in the re, 
verse direction), consuming some of the added N0 2 and bringing its cx>nc*?n£ 
tration back down. 



When we say that a reaction shifts to 
the left we mean that it proceeds in the 
reverse direction, consuming products 
and forming reactants. 



When we say that a reaction shifts to 
the right we mean that it proceeds in 
the forward direction, consuming reac- 
tants and forming products. 



N 2 O 4 0f) — 2N0 2 (g) 

Reaction shifts left Add N0 2 

On the other hand, what happens if we add extra N 2 0 4 , increasing its 
concentration? In this case, the rate of the forward reaction increases and fee| 
reaction shifts to the right, consuming some of the added N 2 0 4 , and bring- 
ing Us concentration back down Figure 15.10). 

N 2 0 4 (#) 2N0 2 (£) 
/ - 

Add N 2 0 4 Reaction shirts right 



In both cases, the system shifts in a direction that minimizes the disturbance. 



Figure 15.9 Le ChlteJier's 
principle in action: I When a sys- 
tem at equilibrium is disturbed, it 
changes to minimize the disturbance. 
In this case, adding N0 2 (the distur- 
bance) causes the reaction to shift left, 
consuming NO 2 by forming more 
N 2 0 4 . 




N 2 0 4 &) — 2N0 2 (g) 




N 2 0 4 &) — 



2 N0 2 (g) 
\ 



Add NOj 



N 2 0 4 (g) — 2N0 2 (#) 
System shifts left 
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► Figure 1 5.10 Le Cha'telier's 
principle in action: II When a sys- 
tem at equilibrium is disturbed, it 
changes to minimize the disturbance. 

this case, adding N 2 0 4 (the distur- 
bance) causes the reaction to shift 
right, consuming N2O4 by producing 




N 2 0 4 (g) 5=^ 2N0 2 (£) 




> 



Equilibrium 
disturbed 




Ammonia Equilibrium 



2N0 2 <$) 



Add N 2 0 4 



N 2 0 4 (g) ^ 2N0 2 (g) 
System shifts right 



To summarize, If a chemical system is at equilibrium: 

• Increasing the concentration of one or more of the reactants causes the reac- 
tion to shift to the right (in the direction of the products), 

• Increasing the concentration of one or more of the products causes the reac- 
tion to shift to the left (in the direction of the reactants). 





Consider the following reaction at equilibrium. 

CaC0 3 (s) ^=± CaO(s) + C0 2 (g) 

What is the effect of adding additional C0 2 to the reaction mixture? What is 
the effect of adding additional CaCC>3? 

Solution: 

Adding additional C0 2 increases the concentration of C0 2 and causes the re- 
action to shift to the left. Adding additional CaC0 3 does not increase the con- 
centration of CaC0 3 because CaC0 3 is a solid and thus has a constant 
concentration. It is therefore not included in the equilibrium expression and 
has no effect on the position of the equilibrium . 

M?^ll|:llJll.Jj;lll>-M The Effect of a Concentration Change 
on Equilibrium 

Consider the following reaction in cl^iemical equilibrium. 

2 BrNCKs) 2 NO(y) + Br 2 (g) 

What is the effect of adding additional Br 2 to the reaction mixture? What is the 
effect of adding additional BrNO? 



SKIL18U1LDER PIUS 



What is the effect of removing some Br 2 from the preceding reaction mixture? 
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How a Developing Fetus Gets Oxygen from Its Mother 



Have you ever wondered how a baby in the womb gets 
oxygen? Unlike you and me, a fetus cannot breathe. Yet 
like you and me, a fetus needs oxygen. Where does that 
oxygen come from? In ndtijte, o>^gen & -canted In the 
b'ltad by a protein molecule called femoej'ooin, which is 
abundantly present in red blood ceik Hentciglobln (Mb) 
reacts with oxygen recording to the following ecjtiillbn^ 
urn equation. 

Hb + 0 2 HbOo 

Toii equilibrium constant for ihif reaction neither 
largenor small, but iriteirmedtfjfre. Consequently, ftwp re- 
action, can shift towartf the right or ibe htft, depending 
on the concentration of eftygen. Ah Moral Haws 
through the hing$, when? oxygtm concentrations are 
high, ihe t-quilfbrium shifts io the right— hemoglobin 
Imds oxygen. 



Hb 



/ 

o 2 



Lung [OJ high 
- HbG 2 



Reaction shifts right 

As blood flows through muscles and organs that are 
using oxygen (where oxygen concentrations have been 
depleted) the equilibrium shifts to the left— hemoglobin 
unloads oxygen. 



Hb + On 



Muscle f02) low 
= HbQ 2 



Reaction shifts left 



However, a fetus has its own blood circulatory sys- 
tem. The mother's blood never flows into the fetus's 
body, and the fetus cannot get any air in the womb. So 
how does the fetus get oxygen? 




A A human fetus, CJs^iuon . i . .... 

The answer lies in fetal hemoglobin (HbF), which is 
slightly different from adult hemoglobin. Like adult hemo- 
globin, fetal hemoglobin is in equilibrium with oxygen. 

HbF + 0 2 ===== HbF0 2 

However, the equilibrium constant for fetal hemo- 
globin ,te brpc than the equilibrium constant for adult 
hemoglobin, in other word*, fetal hemoglobin will land 
ox\*gen m a lower oxygen concentration than ad u) Ultimo- 
gfobln.So, whan the mother's hemoglobin flows through 
the placenta, it unlodds oxygen into the placenta. The 
baby's bltXKJ a!$n flows into me placenta, and even 
though the Ixihy'f. blood ne\ er mixes with the mother's 
blood, the fetal hemoglobin within the baby's Mood loads 
the oxygen (that the mmhijr^hcimigiifbin unloaded) and 
carries it to thf baby Nature has thus engineun;d a chem- 
ical system where mother's Itienuiyliibin can in uii&tltattd 
*#°*y8 cn * lie baby's hemoglobin. 

CAM YOU AN5W£fl THIS? H%lt mmtit huppvn iffitit hm& 
gktbln Itiki thvjSamzcqaiUMtmi auunmi far, thtrcmhw frith 
tfugptf M mtetltmiagbtett? 



I 




The Effect of a Volume Change on Equilibrium 



See Section 11 A for a complete descrip- 
tion of Boyle's law. 



How does a system in chemical equilibrium respond to a volume change? Re- 
member from Chapter 11 thatchanging the voliuneof a gas (or a.gas mixture) re- 
sults in a change in pressure. Remember aJso that pressure and volume are 
inversely related: a deem** m voltun# cause? an memm in pressure, and an ificrmt 
in vdlume causes a deer*®: in pressure. So, if die volume of a gaseous reaction mix- 
ture at chemical equilibrium is changed, the pressure changes and the system 
will shift in a direction to minimize that change, for example, consider du» fol- 
lowing reaction at equilibrium in a cylinder equipped with a moveable piston. 

** 2 {g) + 3 H 2 fe) 2 NH 3 (g) 
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533 



j Notice that from the ideal gas law 
$(fV - nRT), we can see that lowering 
Hthe number of moles of a gas (n) results 
L jn a lower pressure (P). 



TUTORIAL 

N0 2 -N 2 0 4 
Equilibrium 



What happens if we push down on the piston, lowering the volume and 
raising the pressure (▼ Figure 15.11)? How can the chemical system bring the 
pressure back down? Look carefully at the reaction coefficients. If the reac- 
tion shifts to the right, 4 mol of gas particles are converted to 2 mol of gas 
particles. Fewer gas particles results in lower pressure. So the system shifts 
to the right, lowering the number of gas molecules and bringing the pressure 
back down, mirumizing the disturbance. 

Consider the same reaction mixture at equilibrium again. What happens 
if, this time, we puD up on the piston, increasing the volume (▼ Figure 15.12)? 
The higher volume results in a lower pressure and the system responds by 
trying to bring the pressure back up. It can do this by shifting to the left, con- 
verting 2 mol of gas particles into 4 mol of gas particles, increasing the pres- 
sure and minimizing the disturbance. 

To summarize, if a chemical system is at equilibrium: 

• Decreasing the volume causes the reaction to shift in the direction that has 
fewer moles of gas particles. 

• Increasing the volume causes the reaction to shift in the direction that has 
more moles of gas particles. 



ft 





N 2 fe) + 3H 2 (£) ^ 



4 mol of gas 



2 mol of gas 



System shifts right 
(Toward side with fewer moles of gas particles) 

4 Figure 1 5.11 Effect of volume decrease on equilibrium 

When the volume of an equilibrium mixture is decreased, the 
pressure increases. The system responds (to bring the pressure 
back down) by shifting to the right, the side of the reaction 
with the fewest moles of gas particles. 



System shifts left 
(Toward side with more moles of gas particles) 

▲ Figure 15.12 Effect of volume increase on equilibrium 

When the volume of an equilibrium mixture is increased, the 

pressure decreases. The system responds (to raise the pressure) 

by shifting to the left, the side of the reaction with the most 

moles of gas particles. r „ A ^ A „ 
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Notice that if a chemical reaction has an equal number of moles of : 
particles on both sides of the chemical equation, a change in volume haf^ 
effect For example, consider the following reaction. 

H 2 fe) + h(g) — 2H%) 

Both the left and the right side of the equation contain 2 mol of gas particles,: 
so a change in volume has no effect on this reaction. Similarly, a change ^ 
volume has no effect on a reaction that has no gaseous reactants or products^ 



tXmi>iE 1.5,6 ffifc) 352333 (^Q^bEDS 





Consider the following reaction at chemical equilibrium. 

2 KCl0 3 (s) 2 KCl(s) + 3 0 2 (g) 

What is the effect of decreasing the volume of the reaction mixture? Increasl 
ing the volume of the reaction mixture? 

Solution: 

The chemical equation has 3 mol of gas on the right and 0 mol of gas on the left|i 
Decreasing the volume of the reaction mixture increases the pressure and causes^ 
the reaction to shift to the left (toward the side with fewer moles of gas particles)| 
Increasing the volume of the reaction mixture decreases the pressure and causes! 
the reaction to shift to the right (toward the side with more moles of gas particles) ] 

E^IIH'UlHililiU The Effect of a Volume Change on Equilibrium 

Consider the following reaction at chemical equilibrium. 

2S0 2 (y) + 0 2 fc)^2SQ&)' 

What is the effect of decreasing the volume of the reaction mixture? Increas- 
ing the volume of the reaction mixture? 



The Effect of a Temperature Change 

on Equilibrium - 

According to Le Chatelier's principle, if the temperature of a system at equi- 
librium is changed, the system should shift in a direction to counter that 
change. So if the temperature is increased, the reaction should shift in the di- 
rection that attempts to decrease the temperature and vice versa. Recall from 
Section 3.8 that energy changes are often associated with chemical reactions. 
If we want to predict the direction in which a reaction will shift upon a tem- 
perature change, we must understand how a shift in the reaction affects the 
temperature. 

We can classify chemical reactions according to whether they absorb or emit 
heat energy in the course of the reaction. An exothermic reaction emits heat. 



Exothermic reaction A + B 



C + D + Heat 



In an exothermic reaction, you can think of heat as a product. Consequently, 
raising the temperature of an exothermic reaction — think of this as adding 
heat— causes the reaction to shift left. For example, the reaction of nitrogen 
with hydrogen to form ammonia is exothermic. 
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Nitrogen Dioxide 
I Dinitrogen Tetraoxide 



N 2 ig) + 3 H 2 (g) 2 NH 3 4 Heat 



Reaction shifts left 



Add heat 



Raising the temperature of an equilibrium mixture of these three gases caus- 
es the reaction to shift left, absorbing some of the added heat. Conversely, 
lowering the temperature of an equilibrium mixture of these three gases 
causes the reaction to shift right, releasing heat. 



N 2 (#) + 3H 2 (g) 



2KH 3 + Heat 



i 



Reaction shifts right Remove heat 

In contrast, an endothermic reaction absorbs heat. 

Endothermic reaction: A + B + Heat C + D 

In an endothermic reaction, you can think of heat as a reactant. Consequent- 
ly, raising the temperature (or adding heat) causes an endothermic reaction 
to shift right. For example, the following reaction is endothermic. 



Colorless 

N 2 0 4 (ff) + Heat 



Brown 
2NO z 



Add heat Reaction shifts right 

Raising the temperature of an equilibrium mixture of these two gases causes 
the reaction to shift right, absorbing some of the added heat. Since N 2 0 4 is 
colorless and N0 2 is brown, the effects of changing the temperature of this 
reaction are easily seen {V Figure 15.13). On the other hand, lowering the 
temperature of a reaction mixture of these two gases causes the reaction to 
shift left, releasing heat. 



Colorless 

N 2 0 4 (£) + 



Heat ; 

i { 



Brown 
2N0 2 



Remove Reaction shifts left 
heat 



► Figure 15.13 Equilibrium as a 
function of temperature Since the 
reaction N 2 0 4 (g) 2 N0 2 (tf) is 
endothermic, warm temperatures 
(a) cause a shift to the right, toward 
the production of brown N0 2 . Cool 
temperatures (b) cause a shift to the 
left, to colorless N 2 0 4 . 





(b) Cool: N A 
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To summarize: 

In an exothermic chemical reaction, heat is a product and; 

• Increasing the temperature causes the reaction to shift left (in the directional 
the reactants). n ? f ? 

• Decreasing the temperature causes the reaction to shift right (in the directi % 
of the products). vf 

In an endothermic chemical reaction, heat is a reactant and: 

• Increasing the temperature causes the reaction to shift right (in the directio a 
of the products). 

• Decreasing the temperature causes the reaction to shift left (in the direct^ 
of the reactants). ' J 



EXAMPLE 15:7 



The following reaction is endothermic. 

CaC0 3 (s) CaO(s) + C0 2 fe) 

What is the effect of increasing the temperature of the reaction mixture? De-^ 
creasing the temperature? 

Solution: 

Since the reaction is endothermic, we can think of heat as a reactant. 

Heat + CaC0 3 (s) ;=± CaO(s) + C0 2 (g) 

Raising the temperature is adding heat, causing the reaction to shift to the: 
right. Lowering the temperature is removing heat causing the reaction to shift 
to the left. 
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The Effect of a Temperature Change 
on Equilibrium 

The following reaction is exothermic. 

2S0 2 (£) + 0 2 C?) — 2S0 3 (£) 



What is the effect of increasing the temperature of the reaction mixture? De- 
creasing the temperature? 




The Solubility-Product Constant 



Recall from Section 7.7 that a compound is considered soluble if it dissolves 
in water and insoluble if it does not RecrdJ also that, through the solubility 
ruies (Table 7.2), we classified ionic compounds as soluble or insoluble. 
can better understand the solubility of an ionic compound with the. concept 
of equilibrium. The process by which an ionic compound dissolves is an equi- 
librium process. For example, we can represent the dissolving of calcium flu- 
oride in water with the following chemical equation. i 

Car^(s) Ca 2 +(aq) + 2V(aq) 

The equilibrium expression for a chemical equation that represents the 
dissolving of an ionic compound is called the solubility-product constant *j 
(K sp ). For CaF2, the solubility-product constant is 

*s P = [Ca 2+ ][F"] 2 
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TABLE 15.2 Selected Solubility-Product Constants « sp ) 




barium sulfate BaS0 4 1.07 x 10~ 10 

calcium carbonate CaC0 3 4.96 X 1(T 9 

calcium fluoride CaF 2 1.46 X 10" 10 

calcium hydroxide Ca(OH) 2 4.68 x 10" 6 

calcium sulfate CaS0 4 7.10 X 10" 5 

copper(II) sulfide CuS 1.27 X 10" 3 * 

iron(II) carbonate FeC0 3 3.07 X 10" n 

iron(IL) hydroxide Fe(OH) 2 4.87 X 10" 17 

lead(n) chloride PbCl 2 1.17 X KT 5 

lead(II) sulfate PbS0 4 1.82 X 10" 8 

lead(II) sulfide PbS 9.04 x 10" 29 

magnesi am carbonate MgC0 3 6.82 X 10~ 6 

magnesium hydroxide Mg(OH) 2 2.06 x 10" 13 

silver chloride AgCl 1 .77 X 10~ 10 

silver chromate Ag 2 Cr0 4 1.12 X 10" 12 

silver iodide Agl 8.51 x 10" 17 



Notice that, as we discussed in Section 15.5, solids are omitted from the equi- 
librium expression. 

The K sp value is an indicator of the solubility of a compound. A large K sp 
(forward reaction favored) means that the compound is very soluble. A small 
K S p (reverse reaction favored) means that the compound is not very soluble. 
Table 15.2 lists the value of K sp for a number of ionic compounds. 



HHIII1 Writing Expressions for ^ 



Write expressions for K sp tor each of the following ionic compounds. 

(a) BaS0 4 

(b) Mn(OH) 2 

(c) Ag 2 Cr0 4 

Solution: 

To write the expression for Kg p , first write the chemical reaction showing the 
solid compound in equilibrium with its dissolved aqueous ions. Then write 
the equilibrium expression based on this equation. 

(a) BaSQ 4 (s) Ba 2+ {aq) + SO^aq) 



= [Ba 2+ ][S0 4 2 -] 

(b) Mn(OH) 2 (s) Mn 2 » + 2 OH-(oj) 
K sp = [Mn 2+ ][OH-] 2 

(c) Ag 2 Cr0 4 (s) 5=s 2Ag + (*f) + CrO, 2 "^) 
K sp = [Ag + | 2 [Cr0 4 2 -] 



Write expressions for K sp for each of the following ionic compounds. 





Writing Expressions for K, 



(a) Agl 
i(b) Ca(OH) 2 
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Using K sp to Determine Molar Solubility 

Recall from Section 1 33 that the solubility uf a compound is the amount of 
compound that dissolves in a certain amount of liquid. The molar solubility^ 
simply the solubility in units of motes per liter. The molar solubility of a com 
pound can be computed directly from K, p . For example, consider silver chloric 



AgCI(s) ;=± Az + (aq) + OT{aq) K, p = 1.77 x 10" 



-10 



How can we find the molar solubility of AgCl from K sp ? First, notice that^ 
K sp is not the molar solubility; it is the solubility-product constant. 

Second, notice that the concentration of either Ag + or CI" at equilibrium i 
will be equal to the amount of AgCl that dissolved. We know this from the 
relationship of the stoichiometric coefficients in the balanced equation. 

1 moi AgCl ^ 1 mol Ag + = 1 mol CF 

Consequently, to find the solubility, we simply need to find [ Ag^] or [CP] at L 
equilibrium. We can do this by writing the expression for the solubility-producf 
constant. 




Hard Water 



Many parts of the United States obtain their water from 
lakes or reservoirs that have significant concentrations of 
CaCO s i and MgCC>3 These salts dissolve into rainwater 
as it flows through soils rich in CaCOj and MgCOj. 
Water containing these salts is known as hard water. 
Hard water is not a health hazard because both calcium 
and magnesium are part of a healthy diet, but their pres- 
ence in water can be annoying. For example, because of 
their relatively tow solubility-product constants, water 
can easily become saturated with CaCO-j and MgCOj. A 
drop of water, for example, becomes saturated with 
CaCOi and MgCO-j as it evaporates. A saturated solu- 
tion precipitates some of its dissolved ions. These precip- 
itates show up as scaly deposits on faucets, sinks, or 
cookware. Washing cars or dishes with hard water leaves 
spots of CaC0 3 and MgCC>3 as these precipitate out of 
drying drops of water. 

CAN YOU ANSWER THIS? Is the miter in your community 
hard or soft? Use the solubility-product constants from 
Table 25.2 to calculate the molar solubility of GiCOj and 




A Hard water leaves scaly deposits on plumbing 
fixtures. 

MgCO}. How many moles ofCaCO^ are in 5 L of water thai is 
saturated with CaCO$? Hoxv many grant*? 
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in this text we limit the calculation of 
£ : < n alaf solubility to ionic compounds 

,,^cwe chemical formulas have one 
; f3t»on and one anion. 



Since both Ag* and Q come from AgQ, their concentrations must be equal. 
Since the concentration of either one is equal to the solubility, we can write: 

Solubility = S = [Ag+] = [CT] 

Substituting this into the expression for the solubility constant, we get: 

Ksp = [Ag + J[Cr] 

= S X S 

Therefore, 
S = 

= Vl.77 X l(T t0 
= 1.33 X lO^M 
So the molar solubility of AgCl is 1.33 X 1(T 5 mol/L. 



Calculate the molar solubility of BaSC>4 . 

Solution: 



J%in by writing the reaction by 
Which solid BaS0 4 dissolves into 

|ts constituent aqueous ions. 

fert, write the expression for 

I3eftnc the molar solubility (S) as 
jBa^l or [S0 4 2 1 at equilibrium. 

Substitute S into the equilibrium 
Expression and solve for it. 



finally, look up the value of K sp in 
Table 15.2 and compute S. The 
molar solubility of BaS0 4 is there- 
fort; 1.03 x 1CT 5 mol/L. 



SK1LLBUILDER1S.9 



BaS0 4 (s) 



Ba 2+ (^) + S0 4 z "(«9) 



K sp = [Ba 2+ |[S0 4 2 -] 
S = [Ba 2 *] = [S0 4 2 T 

= [Ba 2+ ][S0 4 2 -] 

= S x s 

= s 2 

Therefore 

s = Vk^ p 

s- VET 



= Vi.07 x ur iu 

= 1 .03 X 10" 5 M 



Calculating Molar Solubility from K 5p 

i (Calculate the molar solubility of CaS0 4 . 
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The Path of a Reaction and the Effect of a Catalyst 

In this chapter, we have teamed that the equilibrium constant describes tr#r$ 
timate fate of a chemical reaction. Large equilibrium constants mean ihatlif 
reaction favors the products. Small equilibrium constants mean that IhxM 
action fa yor&the reaetante. But the equilibrium constant by itself.does not;w 
the whole .story, For example, consider the following reaction between h\| 
drogen gas a nci oxygen gas to f o rm w ater. 



Warning: Hydrogen gas is explosive and 
should never be handled without prop- 
er training. 



The equilibrium constant describes how 
far a chemical reaction will go. The re- 
action rate describes how fast it will get 
there. 



The activation energy is sometimes 
called the activation barrier. 



> Figure 15.14 Activation energy 

This plot represents the energy of the 
reactants and products along the re- 
action pathway (as the reaction oc- 
curs). Notice that the energy of the 
products is lower than the energy of 
the reactants, so this is an exothermic 
reaction. However, notice that the re- 
actants must get over an energy 
hump — called the activation energy — 
to proceed from reactants to 
products. 



2 H 2 (g) + 02(g) ^ 2 H 2 0(g) - 3.2 X 10 81 at 25 °C 

The equilibrium constant is huge, meaning that the forward reaction is heav- * 
ily favored. Yet I can mix hydrogen and oxygen in a balloon at room temper-, 
ature, and no reaction occurs. Hydrogen and oxygen peacefully coexisl 
together inside of the baLloon and form virtually no water. Why? 

To answer this question, we must go back to a topic from the beginnii 
of this chapter — the reaction rate. At 25 °C, the reaction rate between hydr 
gen gas and oxygen gas is virtually zero. Even though the equilibrium < 
stant is large, the reaction rate is small and no reaction occurs. The reaction! 
rate between hydrogen and oxygen is slow because the reaction has a 1 
activation energy: energy that must be supplied in order to get a reactionl 
started. Activation energies exist for most chemical reactions because 
original bonds must begin to break before new bonds begin to form, and this! 
requires energy. For example, for H 2 and O2 to react to form H 2 0, the H — rjf 
and 0=0 bonds must begin to break before the new bonds can form. TKtjj 
initial weakening of H 2 and 0 2 bonds takes energy — this is the activation en- 
ergy of the reaction. 

3 How Activation Energies Affect 
Reaction Rates 

We can illustrate how activation energies affect reaction rates by means of ajj 
graph showing the energy progress of a reaction (▼ Figure 15.14). We can see|| 
from the figure that the products have less energy than the reactants, so the|| 
reaction is exothermic (it releases energy when it occurs). However, beforel|| 
the reaction can take place, some energy must first be added — the energy of the * > 1 
reactants must be raised by an amount that we call the activation energy. The ' 
activation energy is thus a kind of "energy hump" that normally exists be- *f- 
tween the reactants and products. 



EP 
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2 H 2 (>) * G>(£> 



2 H 2 G(#) 



Activation energy 




Energy or reactants 



Energy of products 



Reaction pathway 
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We can understand this concept better by means of a simple analogy — 
getting a chemical reaction to occur is much like trying to push a bunch of 
boulders over a hill (▼ Figure 15.15a). We can think of each collision that oc- 
curs between reactant molecules as an attempt to roil a boulder over the hill. 
We can think of a successful collision between two molecules (one that leads 
to product) as a successful attempt to roll a boulder over the hill and down 
the other side. 

For rolling boulders, the higher the hill is, the harder it will be to get the 
boulders over the hill, and the fewer the number of boulders that make it 
over the hill in a given period of time. Similarly for chemical reactions, the 
higher the activation energy iS/ the fewer the number of reactant molecules 
that make it over the barrier, and the slower the reaction rate. In general: 

At a given temperature, the higher the activation energy for a chemi- 
cal reaction, the slower the reaction rate. 

Are there any ways to speed up a slow reaction (one with a high activa- 
tion barrier)? In Section 15.2 we talked of two ways to increase reaction rates. 
The first way is to simply increase the concentrations of the reactants, which 
results in more collisions per unit time. This is analogous to simply pushing 
more boulders toward the hill in a given period of time. The second way to 
increase the rate of a reaction is to increase the temperature. This also results 
in more collisions per unit time, but it also results in collisions with higher 
energies. Higher-energy collisions are analogous to pushing the boulders 
harder (with more force), which will result in more boulders making it over 
the hiU per unit time — a faster reaction rate. There is, however, a third way to 
speed up a slow chemical reaction: by using a catalyst. 




► Figure 15,15 Hill analogy for 
I activation energy There are sever- 
I a! ways to get these boulders over the 
I Kill as fast as possible, (a) One way is 
, simply to push them harder — this is 
I analogous to an increase in tempera- 
ture for a chemical reaction, (b) The 
other way is to find a path that goes 
.around the hill — this is analogous to 
' the role of a catalyst for a chemical 
reaction. 



(*) Without catalyst 




(b)vvah catalyst 
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A catalyst does not change the position 
of equilibrium, only how fast equilibri- 
um is reached. 



Upper-atmospheric ozone forms a 
shield against harmful ultraviolet light 
that would otherwise enter Earth's at- 
mosphere. See the Chemistry in the 
Environment box in Chapter 6. 



Catalysts Lower the Activation Energy 

A catalyst is a substance that increases the rate of a chemical reaction but is not 
consumed by the reaction. A catalyst works by lowering the activation energy for 
the reaction, making it easier for reactants to get over the energy hump 
(f Figure 15.16). In our boulder analogy, a catalyst creates another path for the 
boulders to travel— a path with a smaller hill (see Figure 15.15b). For example, 
consider the noncatalytic destruction of ozone in the upper atmosphere. 




0 3 + 0 



2 0 2 



The reason that we have a protective ozone layer is that this reaction has a 
fairly high activation barrier and therefore proceeds at a fairly slow rate. The 
ozone layer does not rapidly decompose into O2 . 

However, the addition of CI (from synthetic chlorofluorocarbons) to the 
upper atmosphere has resulted in another pathway by which O3 can be de- 
stroyed. The first step in this pathway— called the catalytic destruction of 
ozone — is the reaction of CI with O3 to form CIO and 0 2 . 

a + o 3 — > cio + o 2 

This is followed by a second step in which CIO reacts with O, regenerating CI. 

CIO + O ► CI + o 2 

Notice that, if we add the two reactions, the overall reaction is identical to 
the noncatalytic reaction. 



QX + 0 3 



QY3 4- 0 2 
gf + Q 2 



O* + o 



2 0 2 



However, the activation energies for the two reactions in this pathway 
are much smaller than for the first, uncatalyzed pathway, and therefore the 
reaction occurs at a much faster rate. Note that the CI is not consumed in the 
overall reaction— this is characteristic of a catalyst. 

In the case of the catalytic destruction of ozone, the catalyst speeds up a 
reaction that we do not want to happen. However, most of the time, catalysts 
are used to speed up reactions that we do want to happen. For example, your 
car most likely has a catalytic converter in its exhaust system. The catalytic 
converter contains a catalyst that converts exhaust pollutants (such as car- 
bon monoxide) into less harmful substances (such as carbon dioxide). These 
reactions occur only with the help of a catalyst because they are too slow to 
occur otherwise, 



► Figure 15.16 Function of a 
cata lyst A catalyst provides an al - 
ternate pathway with a lower activa- 
tion energy barrier for the reaction. 
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Effect of a catalyst 
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^catalyst cannot change the value of 
P for a reaction— it affects only the 
■Jjj^e of the reaction. 



Glucose 



The role of catalysis in chemistry cannot be overstated. Without catalysts, 
chemistry would he a different field. For many reactions, increasing the reaction 
rate in other ways — such as increasing the temperature — are simply not feasible. 
Many reactants are thermally sensitive — increasing the temperature often de- 
stroys them. The only way to carry out many reactions is to use catalysts. 

Enzymes: Biological Catalysts 

Perhaps the best example of chemical catalysis is found in living organisms. 
Most of the thousands of reactions that must occur for a living organism to sur- 
vive would be too slow at normal temperatures. So living organisms use 
enzymes, biological catalysts that increase the rates of biochemical reactions. For 
example, when we eat sucrose {table sugar), our bodies must break it into two 
smaller molecules called glucose and fructose. The equilibrium constant for this 
reaction is large, favoring the products. However, at room temperature, or even 
at body temperature, the sucrose does not break into glucose and fructose because 
the activation energy is high, resulting in a slow reaction rate. In other words, 
sugar remains sugar at room temperature even though the equilibrium constant 
for its reaction to glucose and fructose is high ( ▼Figure 15.1 7). In the body, an en- 
zyme called sucrase catalyzes the conversion of sucrose to glucose and fructose. 
Sucrase has a pocket — called the active site — into which sucrose snugly fits (like 
a key into a lock). When sucrose is in the active site, the bond between the glu- 
cose and fructose units weakens, lowering the activation energy for the reaction 
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Sucrose 



a; 
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Sucrose 



QH 12 0 6 + C 6 H u 0 6 
Glucose Fructose 



Glucose and fructose 



Activation energy 




m Glucose 



Fructose 



Products 



Reaction pathway 

A Figure 15.17 An Enzyme catalyst The enzyme sucrase creates a pathway with 
a lower activation energy for the conversion of sucrose to glucose and fructose. 
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and increasing the reaction rate (▼ Figure 15.18), The reaction can then j 
toward cquilibritim— which favors the products — at a much lower temperat^ 

Not only do enzymes allow otherwise slow reactions to occur at a 3 
sonable rate, they also allow living organisms to have tremendous c&riir|| 
over which reactions occur,, and when. Enzymes are extremely specific^ 
each enzyme catalyzes only a single reaction. So if a iiving organism wanfl 
to turn a particular reaction on, it simply produces or activates the correct 
enzyme to catalyze that reaction. 



P» Figure 15.18 How an enzyme 
works Sucrase has a pocket called 
the active site where sucrose binds. 
When a molecule of sucrose enters 
the active site, the bond between glu- 
cose and fructose is weakened, low- 
ering the activation energy for the 
reaction. 



Sucrose in 
active site 



Weakened bond 




Chemical Principles 



Relevance 



The Concept of Equilibrium: Equilibrium involves 
the ideas of sameness and changelessness. When a sys- 
tem is in equilibrium, there is some property of the sys- 
tem that remains the same and does not change. 

Rates of Chemical Reactions: The rate of a chemical 
reaction is the amount of reactant(s) that goes to prod- 
uces) in a given period of time. In general, reaction rates 
increase with increasing reactant concentration and in- 
creasing temperature. Since reaction rates depend on the 
concentration of reactants, and since the concentration of 
reactants decreases as a reaction proceeds, reaction rates 
usually slow down as a reaction proceeds. 




The Concept of Equilibrium: The equilibrium con- 
cept explains many phenomena such as the human 
body's oxygen delivery system. Life itself can be defined 
as controlled disequilibrium with the environment. 

Rates of Chemical Reactions: The rate of a chemical 
reaction determines how fast a reaction will reach its 
equilibrium. Chemists want to understand the factors 
that influence reaction rates so that they can control 
them. 



Ends 

• h 

si 

• D 

si 



Dynamic Chemical Equilibrium: Dynamic chemical 
equilibrium occurs when the rate of the forward reac- 
tion equals the rate of the reverse reaction. 



Dynamic Chemical Equilibrium: When dynamic 
chemical equilibrium is reached, the concentrations of i jp 
the reactants and products become constant. i f | 



The 
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The Equilibrium Constant: For the generic reaction 

aA + bB cC + dD 
the equilibrium constant (Ke q ) is defined as: 
[CHD] d 



[Af[B]> 



Only the concentrations of gaseous or aqueous reactants 
and products are included in the equilibrium constant — 
the concentrations of solid or liquid reactants or products 
are omitted. 



The Equilibrium Constant: The equilibrium constant 
is a measure of how far a reaction will proceed. A large 
K eq means the forward reaction is favored (lots of prod- 
ucts at equilibrium). A small means the reverse re- 
action is favored (lots of reactants at equilibrium). An 
intermediate means that there will be significant 
amounts of both reactants and products at equilibrium. 
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Chatelier's Principle: Le Chatelier's principle 
Ptates that when a chemical system at equilibrium is dis- 
Irtirbed/ the system shifts in a direction that minimizes 
disturbance. 



Effect of a Concentration Change on Equilibrium: 

Increasing the concentration of one or more of the 
reactants causes the reaction to shift to the right. 
Increasing the concentration of one or more of the 
products causes the reaction to shift to the left. 



lEffect of a Volume Change on Equilibrium: 

Decreasing the volume causes the reaction to shift in 
the direction that has fewer moles of gas particles. 
H Increasing the volume causes the reaction to shift in 
the direction that has more moles of gas particles. 



Le Chateiier's Principle: Le Chateiier's principle 
helps us predict what happens to a chemical system at 
equilibrium when the conditions are changed. This al- 
lows chemists to modify the conditions of a chemical re- 
action to obtain a desired result. 



Effect of a Concentration Change 
on Equilibrium: There are many cases when a chemist 
may want to drive a reaction in one direction or anoth- 
er. For example, suppose a chemist is carrying out a re- 
action to make a desired compound. The reaction can be 
pushed to the right by continuously removing the prod- 
uct from the reaction mixture as it forms, thus maxi- 
mizing the amount of product that can be made. 

Effect of a Volume Change on Equilibrium: Like 
the effect of concentration, the effect of pressure on equi- 
librium allows a chemist to choose the best conditions 
under which to carry out a chemical reaction. Some re- 
actions are favored in the forward direction by high pres- 
sure (those with fewer moles of gas particles in the 
products) and others (those with fewer moles of gas par- 
ticles in the reactants) are favored in the forward direc- 
tion by low pressure. 



Effect of a Temperature Change on Equilibrium: 

Exothermic chemical reaction (heat is a product): 

♦ Increasing the temperature causes the reaction to 
shift left. 

• Decreasing the temperature causes the reaction to 
shift right 

Endothermic chemical reaction (heat is a reactant): 

• Increasing the temperature causes the reaction to 
shift right 

* Decreasing the temperature causes the reaction to 
shift left. 



The Solubility-Product Constant K sp : The solubility- 
product constant of an ionic compound is the equilibrium 
constant for the chemical equation that describes the dis- 
solving of the compound. 



Effect of a Temperature Change on Equilibrium: 

Again, the effect of temperature on a reaction allows 
chemists to choose conditions that will favor desired re- 
actions. Higher temperatures favor endothermic reac- 
tions while lower temperatures favor exothermic 
reactions. Most reactions will occur/aster at higher tem- 
perature, so the effect of temperature on the rate, not just 
on the equilibrium constant, must be considered. 



The Solubility-Product Constant K sp : The solubility- 
product constant reflects the solubility of a compound. The 
greater the solubility-product constant, the greater the sol- 
ubility of the compound. 



Reaction Paths and Catalysts: Most chemical reac- 
tions must overcome an energy hump, called the 
activation energy, as they proceed from reactants to prod- 
ucts. Increasing the temperature of a reaction mixture 
increases the fraction of reactant molecules that make it 
over the energy hump, therefore increasing the rate. A 
catalyst — a substance that increases the rate of the reac- 
tion but is not consumed by it — lowers the activation 
energy so that it is easier to get over the energy hump 
Without increasing the temperature. 



Reaction Paths and Catalysts: Catalysts are used in 
many chemical reactions to increase the rates. Without 
catalysts, many reactions occur too slowly to be of any 
value. The thousands of reactions that occur in living or- 
ganisms are controlled by biological catalysts called 
enzymes. 
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